The regulated trafficking of neurotransmitter receptors at synapses is critical for synaptic function and plasticity. However, the molecular machinery that controls active transport of receptors into synapses is largely unknown. We found that, in rat hippocampus, the insertion of AMPA receptors (AMPARs) into spines during synaptic plasticity requires a specific motor protein, which we identified as myosin Va. We found that myosin Va associates with AMPARs through its cargo binding domain. This interaction was enhanced by active, GTP-bound Rab11, which is also transported by the motor protein. Myosin Va mediated the CaMKII-triggered translocation of GluR1 receptors from the dendritic shaft into spines, but it was not required for constitutive GluR2 trafficking. Accordingly, myosin Va was specifically required for long-term potentiation, but not for basal synaptic transmission. In summary, we identified the specific motor protein and organelle acceptor that catalyze the directional transport of AMPARs into spines during activity-dependent synaptic plasticity.
The polarized trafficking and targeting of a variety of proteins, such as neurotransmitter receptors, ion channels, anchoring and cell-adhesion molecules, are important for synaptic function and plasticity. In particular, local membrane transport at the postsynaptic terminal is now considered to be an important contributor to synaptic plasticity (see ref. 1 for a recent review). In the case of excitatory synapses in the hippocampus, the postsynaptic membrane is located in micron-size dendritic protrusions, known as spines. Despite the small distances involved, the transport of specific proteins and organelles in and out of spines appears to be tightly regulated. For example, synaptic potentiation is accompanied by the translocation of recycling endosomes 2 and AMPA-type glutamate receptors (AMPARs) into spines 3 . Conversely, the A-type K + channel Kv4.2 is mobilized in the opposite direction (that is, leaves the spine) on similar synaptic plasticity induction 4 . This dynamic behavior implies a carefully choreographed transport of specific cargo in a polarized manner in response to synaptic activity. Nevertheless, the molecular mechanisms that control this directional trafficking in dendritic spines remain to be discovered.
AMPARs are responsible for most excitatory synaptic transmission in the brain, and their regulated addition and removal from synapses leads to long-lasting forms of synaptic plasticity, such as long-term potentiation (LTP) and long-term depression 5 . Distinct AMPAR populations undergo differential synaptic trafficking depending on their subunit composition. Thus, AMPARs assembled as GluR2 homomers or GluR2/GluR3 heteromers cycle in and out of the synaptic membrane in a constitutive manner, which does not require synaptic activity 6, 7 . This constitutive trafficking requires GluR2-specific interactions with NSF [8] [9] [10] . In contrast, AMPARs containing the GluR1 subunit translocate into spines and are inserted into synapses in response to NMDA-receptor activation during LTP 3, 11 . However, the molecular machinery that mediates this acute, unidirectional transport of GluR1 receptors into spines and synapses during LTP is unknown.
F-actin is the predominant cytoskeletal element in dendritic spines. Therefore, actin filaments may serve as transport tracks for the delivery or removal of proteins at postsynaptic terminals. To date, however, the actin cytoskeleton has been commonly associated with morphogenesis and structural dynamics of spines (see ref. 12 for a recent review), but not with synaptic trafficking. The active transport of cargo along actin filaments is carried out by molecular motor proteins of the myosin family 13 . Therefore, myosin motors are attractive candidates for mediating directional trafficking of synaptic proteins. Some members of the myosin family have been shown to participate in AMPAR transport, such as myosin VI for endocytosis 14 and myosin Vb for dendritic surface expression 15 . However, it remains to be determined whether a specific motor protein is involved in the synaptic delivery of AMPARs. In fact, it has been found that AMPARs can reach their synaptic targets by passive diffusion along the extrasynaptic dendritic surface 16 , potentially arguing against the requirement for an active transport process during synaptic delivery. Nevertheless, the existence of constitutive and activity-dependent synaptic delivery of AMPARs 7 leaves open the possibility that these trafficking modes may have different requirements for active protein transport.
RESULTS

Association between AMPARs, myosin Va and Rab11 in neurons
To identify interacting proteins that may regulate AMPAR function, we carried out a preparative immunopurification from hippocampal neuronal cultures. AMPARs were immunopurified with GluR2 C-terminal antibodies. Because most AMPARs in the hippocampus are hetero-oligomers composed of GluR1-GluR2 or GluR2-GluR3 subunits 28 , this approach is expected to yield AMPAR-associated proteins irrespective of the receptor subunit composition. The presence of copurified proteins was evaluated by SDS gel electrophoresis and silver staining (Fig. 1a) . Mass spectroscopy analysis of the highmolecular-weight bands identified myosin Va as one of the coimmunoprecipitated proteins (molecular weight of B217 kDa). The association between AMPARs and myosin Va was confirmed using standard immunoprecipitations with antibodies to GluR1 and GluR2, and western blot analysis (Fig. 1b) . It is interesting that the small GTPase associated with recycling endosomes, Rab11 (ref. 29) , was also found to precipitate with AMPARs. As expected, the GluR2 PDZ-binding partner GRIP1 was coprecipitated, whereas the NMDAR subunit NR1 did not associate with myosin Va or AMPARs under these conditions (Fig. 1b) .
As an independent method to test the interaction between AMPARs and myosin Va, we carried out GST pull-downs with different domains of the myosin Va C terminus. The globular tail of myosin Va (cargobinding domain 30 ) interacted with AMPAR subunits from hippocampal neurons, whereas the medial tail of myosin Va (coiled-coil domain) or plain GST did not (Fig. 1c) . In addition, pull-downs carried out with recombinant proteins expressed in COS-7 cells indicated that the globular tail of myosin Va interacted with Rab11 and with full-length GluR1, but not with a truncated GluR1 mutant lacking the last 30 amino acids of the C terminus (GluR1-D30; Fig. 1c ). And finally, histidine (His) tag-purified GluR1 C terminus (last 50 amino acids) was also pulled down by the globular tail of myosin Va (Fig. 1c) , Coimmunoprecipitation between AMPARs and associated proteins using antibodies to GluR1 and GluR2. Non-immune IgG and antibodies to NR1 were used as controls. (c) Left, western blot analysis of AMPAR subunits from hippocampal neurons pulled down with the medial (GST-M, M tail) or globular (GST-G, G tail) tail of MyoVa fused to GST. Plain GST was used as a control. Middle, similar GST pull-downs using extracts from COS-7 cells expressing full-length myctagged GluR1, a myc-tagged GluR1 mutant lacking the last 30 amino acids or EGFP-tagged Rab11, as indicated. We used antibodies to myc to detect recombinant GluR1 and antibodies to GFP for recombinant Rab11. Right, His-tagged GluR1 C terminus (last 50 amino acids, GluR1-Ct) was expressed in COS-7 cells and purified through a nickel column. The purified recombinant protein was used for pulldown with GST or GST-MyoVa globular (G) tail. Antibodies to His were used to detect pulled-down GluR1 C terminus. Lower panels, Coomassie staining of GST fusion proteins used in the pull-downs.
strongly suggesting that there is a direct interaction between these two proteins. In conclusion, these combined data indicate that AMPARs and myosin Va associate in neurons, and that this complex is mediated by a direct interaction between the cargo-binding domain of myosin Va and the 30 C-terminal amino acids of GluR1.
To further evaluate the association between AMPARs and myosin Va, we carried out immunolabeling analyses of the endogenous proteins in dendrites from hippocampal neurons. Myosin Va shows a partial colocalization with GluR1 and GluR2 subunits in primary neuronal cultures (Fig. 2a,b) . In many instances, however, myosin Va appeared to localize adjacent to AMPAR puncta (see high-magnification insets in lower panels). We also examined the subcellular distribution of endogenous myosin Va in dendrites and spines from CA1 neurons in hippocampal slices. Myosin Va was mostly localized at dendritic shafts, as compared with the enrichment of actin and PSD-95 at spines ( Fig. 2c,d ; see high-magnification insets in right panels). These observations are consistent with the previously reported partial colocalization between myosin Va and PSD-95 in primary neuronal cultures 19 .
Interference with myosin Va depresses synaptic responses
To start evaluating a potential role of myosin Va in AMPAR trafficking and/or synaptic plasticity, we overexpressed the cargo-binding domain (globular tail) of myosin Va in CA1 hippocampal neurons. This domain displaces endogenous myosin Va from its tail-associated cargo 30 , therefore acting as a dominant-negative construct (myosin Va-dn). This experimental strategy has been used on multiple occasions to interfere with myosin Va-dependent trafficking. Notably, this approach is specific enough to distinguish distinct functions of the three different myosin V isoforms, Va, Vb and Vc 15, 31, 32 .
We expressed green fluorescent protein (GFP) fusion proteins of myosin Va-dn, myosin Vb-dn or myosin VI-dn in CA1 hippocampal neurons from organotypic slice cultures. The effect of these dominantnegative proteins on synaptic transmission was evaluated by simultaneous double whole-cell recordings from pairs of nearby infected and Inf. Uninf.
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Inf. cells, whereas GABA A receptor-mediated inhibitory currents were unchanged ( Fig. 3a-c) . Neither myosin VI-dn ( Fig. 3a) nor myosin Vb-dn (Supplementary Fig. 1 online) significantly affected AMPARmediated transmission (P 4 0.1). Notably, myosin Va-dn did not affect the expression levels or phosphorylation state of multiple synapse-associated proteins ( Supplementary Fig. 2 online). Therefore, these results suggest that myosin Va has a distinct role in AMPAR synaptic function, which is not shared by other myosin isoforms. Hippocampal slices in culture show spontaneous activity, which can drive AMPARs into synapses 33 . To determine whether the depression of AMPAR responses induced by myosin Va-dn is dependent on spontaneous activity, we carried out double whole-cell recordings from slices in which spontaneous activity was blocked with high Mg 2+ (12 mM MgCl 2 ) or the sodium channel blocker tetrodotoxin (1 mM) during the expression of the recombinant protein 33 (slices were returned to the standard solution during the recordings). Under these conditions myosin Va-dn failed to depress AMPAR or NMDAR transmission (Fig. 3a,b) , suggesting that myosin Va has a specific role in activity-dependent regulation of synaptic function. The parallel results for AMPARs and NMDARs also suggest that there is an activity-dependent coscaling between AMPA and NMDA receptormediated synaptic transmission, as has been previously observed in response to spontaneous synaptic activity 34 . Although these dominant-negative constructs were expressed in postsynaptic CA1 neurons, we wanted to examine whether myosin Va-dn retrogradely interferes with presynaptic mechanisms. To this end, we measured paired pulse facilitation (PPF), as an indicator of presynaptic function, from myosin Va-dn-infected and uninfected CA1 neurons in hippocampal slices. PPF was unaltered by myosin Va-dn expression (Fig. 3d) . These results confirm that the depression of synaptic transmission observed with myosin Va-dn is not the result of an alteration of presynaptic properties, and suggest that myosin Va has an independent postsynaptic role at excitatory hippocampal synapses.
Myosin Va is required for LTP and GluR1 synaptic delivery
AMPARs continuously cycle in and out of synapses in an NSF-dependent manner 9, 10 . Our observation that myosin Va-dn does not affect basal transmission in the absence of spontaneous neuronal activity suggests that myosin Va is not involved in this constitutive trafficking. To directly test this interpretation, we carried out intracellular infusion experiments with a short peptide that interferes with the GluR2-NSF interaction. This peptide has been shown to produce a fast decline ('rundown') of synaptic transmission 9, 10 , as AMPARs are continuously internalized, but fail to be reinserted at the synaptic membrane. Neurons expressing myosin Va-dn showed virtually identical run-down of synaptic transmission as uninfected neurons (Fig. 4a,b) . As a control, a peptide that does not bind NSF, pep4c 9 , did not produce run-down of transmission (Fig. 4b) . Therefore, these results confirm our interpretation that myosin Va is not required for the constitutive synaptic trafficking of AMPARs.
To investigate more directly whether myosin Va is involved in the activity-dependent delivery of AMPARs into synapses, we evaluated the effect of myosin Va-dn in LTP in CA1 hippocampal neurons. Hippocampal slices were infected with myosin Va-dn and were incubated with high Mg 2+ to block spontaneous activity during the expression time. NMDA and AMPAR currents were not affected by the recombinant protein under these conditions (Fig. 3a,b) , and we could therefore directly evaluate the effect of myosin Va-dn on LTP expression without interfering with LTP induction. After 14 h, slices were transferred to normal extracellular solution and LTP was induced on infected and uninfected CA1 neurons by pairing presynaptic stimulation (3 Hz, 1.5 min) with postsynaptic depolarization (0 mV). Uninfected neurons showed a robust, 2.5-fold potentiation of transmission (Fig. 4c,d ). In contrast, LTP was virtually abolished in myosin Va-dn-expressing neurons. Notably, myosin Va-dn did not have any effect on the nonpotentiated (control) pathway (Fig. 4d) .
As an alternative method for testing the role of myosin Va in LTP, we used an RNA interference approach. We designed a short interfering RNA (siRNA) that was specific for rat myosin Va mRNA. This siRNA was shown to effectively downregulate the expression of recombinant myosin Va in transfected COS-7 cells, and of endogenous myosin Va in hippocampal neurons ( Supplementary Fig. 3 online). To test the role of endogenous myosin Va in LTP, we expressed the myosin Va siRNA in CA1 hippocampal neurons for 3 d while blocking spontaneous activity with tetrodotoxin. Slices were then transferred to regular recording solution and LTP was induced as described above. Knockdown of myosin Va with siRNA virtually abolished synaptic potentiation (Fig. 4c,d) . Therefore, these combined results using myosin Va-dn and siRNA strongly suggest that myosin Va is critically required for LTP.
In the hippocampus, expression of LTP is mediated by synaptic addition of GluR1-containing AMPARs into synapses 11 . To specifically investigate the role of myosin Va on the synaptic delivery of GluR1 AMPARs, we used the biolistic system to cotransfect CA1 hippocampal neurons with GFP-GluR1 and constitutively active CamKII (tCamKII), which has previously been shown to mimic LTP and drive GluR1 to synapses 11 . Delivery of GFP-GluR1 receptors to synapses is monitored using the inward rectification properties of the homomeric recombinant receptor (electrophysiological tagging 11, 35 ) . Synaptic delivery is then quantified as an increase in the ratio of the evoked postsynaptic current at -60 mV relative to the current at +40 mV (rectification index, RI ¼ I -60 /I +40 ). Coexpression of GluR1 and tCamKII produced a significant increase (P ¼ 0.001) in the rectification index as compared with untransfected cells (Fig. 4e; see also ref. 11) . In contrast, expression of myosin Va-dn together with GluR1 and tCamKII completely blocked the increase in rectification (Fig. 4e) . Similar results were obtained by knocking-down myosin Va with RNA interference; that is, myosin Va siRNA abolished the increase in rectification, whereas a control scrambled siRNA did not (Fig. 4f) . These results strongly suggest that synaptic delivery of GluR1 induced by CamKII is mediated by myosin Va.
PSD-95 overexpression can also drive the insertion of GluR1 into hippocampal synapses 36 . Therefore, we tested whether PSD-95-driven delivery of GluR1 requires myosin Va function. As expected, transfection with both GluR1 and PSD-95 led to an increase of the rectification index ( Supplementary Fig. 4 online) , indicating delivery of recombinant GluR1 into synapses (see also ref. 36) . Notably, myosin Va-dn also blocked this delivery ( Supplementary  Fig. 4 ).
In conclusion, these combined data using dominant negative and RNA interference approaches indicate that myosin Va is required for all tested forms of regulated synaptic delivery of GluR1: LTP induction, CaMKII activation and PSD-95 overexpression. Therefore, myosin Va appears to be a central factor for the activity-dependent transport of AMPARs into synapses.
Myosin Va is not required for dendritic AMPAR transport
The presence of myosin Va at spines and the PSD raises the possibility that myosin Va transports AMPARs locally at synapses. However, we have found that myosin Va is mostly localized in dendrite shafts (Fig. 2c,d) , where it could transport organelles involved in the dendritic trafficking of AMPARs. To determine the specific step mediated by myosin Va in the transport of AMPARs, we transfected organotypic hippocampal slices with RFP-tagged myosin Va-dn, myosin Vb-dn or plain red fluorescent protein (RFP, as a control) together with GFPtagged AMPAR subunits (tCaMKII was also expressed with GFP-GluR1 in some of the cells, as indicated) (Fig. 5) . The efficiency of the dendritic transport of AMPARs was quantified from the fluorescence intensity of the GFP-tagged receptor along the primary apical dendrite and plotted as a function of the distance from the cell body 35 . GFP fluorescence is normalized to the maximum value at the cell body to control for variability in expression levels. Neither myosin Va-dn nor myosin Vb-dn affected the distribution of GFP-tagged receptors along dendrites (Fig. 5b,e) . Specifically, AMPAR expression at distal dendrites was not altered by either of the dominant-negative constructs (Fig. 5c,f) (tCaMKII did not affect distal GluR1 expression either; Fig. 5c , compare blue and black columns). In contrast, incubation of the slices with a low concentration of the microtubule destabilizer vincristine significantly impaired (P ¼ 0.003) the dendritic distribution of GFP-tagged GluR2 (Fig. 5d-f) . Notably, overexpression of the carboxy-terminal tail of myosin Vb has been previously reported to impair GluR1 export into dendrites 15 ; however, the tail domain used in that study contains additional sequences that are not present in the myosin Vb-dn globular tail used here. In conclusion, these results indicate that myosin Va is not required for the long-range dendritic transport of AMPARs.
Myosin Va transports GluR1 from dendritic shaft into spine
To investigate the role of myosin Va in the local transport of AMPARs into spines, we carried out confocal imaging experiments to monitor receptor distribution between spines and the adjacent dendritic shaft. Much as in the experiments described above, we coexpressed RFPtagged, dominant-negative myosin Va or Vb (or plain RFP, as a control) with GFP-tagged GluR1 or GluR2 subunits. The translocation of GluR1 into spines is an activity-dependent process 3 , which can be mimicked by CaMKII activation 37 . Therefore, in some of these experiments, we expressed GFP-GluR1 together with constitutively active aCaMKII (tCaMKII).
The accumulation of AMPARs into spines was quantified from the GFP fluorescence intensity across the spine head and the adjacent dendritic shaft 35 . Data were then plotted normalized to the average dendrite fluorescence or as cumulative distributions of spine/dendrite ratios (Fig. 6) . As was previously observed 37 , tCamKII significantly increased the levels of GFP-GluR1 in spines (Fig. 6b , compare light gray and black columns; Fig. 6c, compare dashed and black lines) . Notably, addition of myosin Va-dn completely blocked this effect, to the point that GFP-GluR1 levels at spines were similar to those in the absence of tCaMKII (Fig. 6b, compare light gray and red columns; Fig. 6c,  compare dashed and red lines) . Notably, myosin Vb-dn that was coexpressed with GFP-GluR1 and tCamKII did not affect CamKIImediated delivery of GluR1 receptors into spines (Fig. 6b , compare black and dark gray columns; Fig. 6c , compare black and gray lines). Therefore, these data indicate that myosin Va is required for the CaMKII-driven transport of GluR1 receptors into spines. To note, myosin Va-dn also decreased the fraction of GFP-GluR1 present in spines in the absence of tCaMKII (Fig. 6b , compare first and last spine columns). This result would be consistent with a basal level of GluR1 delivery into spines as a result of spontaneous activity in the slice culture.
To determine whether myosin Va is specifically required for the regulated transport of AMPARs, we carried out similar experiments with GFP-GluR2, which is inserted into spines in a constitutive manner, independent from synaptic activity 7, 37 . Coexpression of myosin Va-dn or myosin Vb-dn did not impair the translocation of GFP-GluR2 into spines in CA1 hippocampal neurons (notably, myosin Va-dn did produce a slight accumulation of GFP-GluR2 in spines, which was statistically significant, P ¼ 0.02; Fig. 6d-f) .
These data strongly suggest that myosin Va specifically mediates the regulated translocation of GluR1 AMPARs into spines, but is not required for the constitutive entry of GluR2 receptors. This morphological analysis correlates very well with our electrophysiology data (Figs. 3 and 4) , supporting the interpretation that myosin Va is specifically engaged for the activity-dependent delivery of AMPARs into synapses, but not for their constitutive cycling.
Myosin Va is not required for spine morphology PSD-95 is an important synaptic scaffolding protein that can associate with myosin Va via guanylate kinase-associated protein (GKAP) and dynein light chain interactions 18 . Our data show that myosin Va-dn blocks the synaptic delivery of GluR1 receptors mediated by PSD-95 ( Supplementary Fig. 4) . Therefore, we decided to test whether myosin Va is involved in the targeting of PSD-95 to spines. To this end, we coexpressed PSD-95-GFP and RFP-myosin Va-dn (or RFP, as a control) in CA1 neurons from organotypic hippocampal slices. The distribution of PSD-95-GFP in dendrites and spines was quantified as described above. As expected, PSD-95 was highly concentrated in spines (Fig. 7a,b) . Myosin Va-dn did not alter the accumulation of PSD-95-GFP into spines (Fig. 7a-c) . Therefore, the blockade of PSD-95-driven delivery of GluR1 to synapses by myosin Va-dn ( Supplementary Fig. 4) is not the result of an impairment of PSD-95 targeting into spines.
It has been recently shown that other members of the myosin family, such as myosin VI and myosin IIB, are important in spine morphology and dynamics, and, consequently, in synaptic function 14, 38 . Therefore, we tested whether myosin Va-dn may alter spine size or density in CA1 hippocampal neurons. To this end, we coexpressed cytosolic GFP (as a volume-filling indicator) with RFP-myosin Va-dn or with RFP (as a control). GFP fluorescence across dendrites and spine heads was calculated as described above. GFP fluorescence in spines was not altered by myosin Va-dn expression, indicating that spine volume is not affected by impairing myosin Va function (Fig. 7d,e) .
The effects of myosin Va-dn on spine length or density were evaluated by coexpressing PSD-95-GFP, as a spine marker, with RFP-myosin Va-dn or RFP in CA1 hippocampal neurons, as described above. Confocal images were then analyzed using Neurolucida software (Microbrightfield). Spine length was determined from the peak of PSD-95-GFP fluorescence to the center of the dendritic shaft, visualized by the RFP fluorescence. Myosin Va-dn did not alter spine length or density (Fig. 7f,g ). Therefore, these data indicate that, in contrast to myosin IIB and myosin VI, myosin Va does not have a direct role in the maintenance of spine morphology in CA1 hippocampal neurons.
Rab11 couples AMPARs with myosin Va
Recent studies have found that recycling endosomes are mobilized into spines 2 and supply AMPARs for synaptic delivery 39 during LTP. In addition, we have observed that Rab11, the small GTPase that controls recycling endosomal trafficking 29 , associates with AMPARs and myosin Va (Fig. 1b,c) and is required for receptor translocation into spines during LTP 40 . Therefore, Rab11-driven recycling endosomes appear to be the vesicular carriers for AMPAR delivery into spines. To determine and spine density (g) were determined using PSD-95-GFP fluorescence as a spine marker. n is the number of spines (f) or dendritic branches (g). Statistical significance was determined by the Mann-Whitney test for unpaired data.
whether myosin Va is involved in the transport of these recycling endosomes, we evaluated the effect of myosin Va-dn on the spine localization of Rab11. CA1 hippocampal neurons were transfected with GFP-Rab11 and RFP-myosin Va-dn or RFP (as a control). Myosin Va-dn produced a small, but significant, impairment in the spine accumulation of GFP-Rab11 (P ¼ 0.008; Fig. 8a,b) . These results suggest that myosin Va is involved in the transport of recycling endosomes into spines. In addition, the modest magnitude of the shift in Rab11 spine distribution produced by myosin Va-dn may imply that only a fraction of Rab11-containing endosomes are transported by myosin Va. Rab GTPases are crucial organizers of intracellular membrane trafficking in eukaryotic cells. Because of their ability to interact with multiple effectors, Rab GTPases have been proposed to act as 'organelle receptors' that would couple motor proteins with specific cargo for directional membrane transport 13, 41 . Notably, Rab GTPases interact with motor proteins only in their active (GTP-bound) conformation 42 . On the basis of our observations of the effect of myosin Va-dn on the transport of AMPARs and Rab11 into spines, we tested whether Rab11 could modulate the interaction between AMPARs and myosin Va.
To this end, we separately expressed GFP-fusion proteins of GluR1, myosin Va globular tail (containing the cargo-binding domain) and Rab11 in BHK cells. Whole-cell extracts in the presence of detergent were then prepared and mixed in different combinations to test the effect of Rab proteins on the interaction between GluR1 and myosin Va. The association between GluR1 and myosin Va was evaluated by coimmunoprecipitation using an antibody to GluR1 in the presence of GDP or a nonhydrolyzable GTP-analog (GMP-PNP, Sigma). The specificity of the interaction was evaluated by substituting GFP-GluR1 with GFP. The association between myosin Va and GluR1 was weak, but detectable, in the absence of added Rab protein ( Fig. 8c; representative example of four independent experiments, compare lanes 1 and 2). This interaction was enhanced by adding Rab11 (compare lanes 2 and 4), but only in the presence of nonhydrolyzable GTP (compare lane 4 with 6). These results indicate that active Rab11 (GTP-bound) facilitates myosin Va binding to GluR1, suggesting that Rab11 may act as the vesicular link that couples AMPARs and myosin Va during their transport into spines.
DISCUSSION
In this study, we show that myosin Va, an actin-based motor protein present at synaptic sites, mediates the transport of organelles that carry AMPARs into spines in an activity-dependent manner. Using an unbiased biochemical approach, we identified myosin Va as an interacting partner for AMPARs in hippocampal neurons. We also determined that this association occurs through a direct interaction between the GluR1 carboxyl terminus and the globular tail of myosin Va, which is the cargo-binding domain of the motor protein. Using electrophysiological assays on hippocampal slices, we determined that myosin Va function is required for LTP and for GluR1 synaptic delivery triggered by CaMKII activation or by PSD-95 overexpression. Notably, the synaptic trafficking of AMPARs appears to be specifically carried out by myosin Va, as blockade of other myosin isoforms, such as myosin Vb and myosin VI, did not alter AMPAR-mediated synaptic transmission. In addition, using confocal fluorescence imaging, we found that myosin Va mediates a very precise transport step: the shortrange translocation of GluR1-containing AMPARs from the dendritic shaft into the spine head. In contrast, myosin Va is not required for the long-range trafficking of receptors along dendrites, nor for the constitutive entry of GluR2 receptors into spines. Finally, we identified the small GTPase Rab11 as a vesicular carrier that couples myosin Va with its AMPAR cargo. These combined results support the notion that myosin Va is critically involved in the regulation of synaptic activity, which may be related to the cognitive and neurological deficits associated with myosin Va mutations in humans.
It is worth noting that a previous study did not find any deficits in hippocampal synaptic function or plasticity in a spontaneous mouse mutant lacking myosin Va (dilute lethal) 27 . However, our data, obtained using both dominant-negative approaches and siRNA knockdown, indicate that myosin Va is required for LTP in CA1 hippocampal neurons. We cannot be certain of the reason for this discrepancy, but it may be related to the acute blockade of myosin Va function in our system (15 h for dominant-negative expression or 3 d for RNA interference) versus the chronic absence of myosin Va during development and postnatal life in the dilute lethal mice.
An important conclusion of our work is that myosin Va is specifically required for the regulated transport of AMPARs, but not for their constitutive (activity independent) trafficking. Myosin Va activity is tightly controlled by intracellular calcium levels 43 . In the absence of calcium, myosin Va adopts a compact, inactive conformation in which the cargo-binding domain folds back on the motor domain, rendering myosin Va incompetent for transport. On calcium binding, myosin Va undergoes a large conformational change, opening into an extended, active configuration 43 postsynaptic calcium for LTP expression 44 . It is therefore tempting to speculate that the rise in intracellular calcium on NMDAR activation may constitute a direct link between LTP induction and the triggering of myosin Va-dependent organelle transport. Alternatively, the transport machinery may stay constitutively active, whereas LTP regulates the competency of GluR1 to interact with it (perhaps through GluR1 phosphorylation and/or binding to adaptor proteins) (see model in Supplementary Fig. 5 online) .
Here we propose that Rab11 mediates the association of myosin Va with its AMPAR cargo. The concept that Rab proteins act as organelle acceptors that couple specific motor proteins to cargo vesicles is not new 13, 41 . However, this is, to the best of our knowledge, the first time that the Rab11-myosin Va pairing has been reported. In fact, the motor protein typically associated to Rab11-dependent trafficking is myosin Vb 31 , as it has been described for the export of AMPARs from the cell soma into dendrites 15 . However, our combined electrophysiological and imaging data indicate that myosin Vb is not involved in the synaptic transport of GluR1. Additionally, a commonly cited Rab partner for myosin Va, Rab27, is only expressed at low levels in brain 45 . The unexpected coupling between myosin Va and Rab11 that we describe may be a functional consequence of the recruitment of Rab11-driven endosomes in activity-dependent trafficking in spines 2, 40 , together with the specialization of myosin Va for acute, regulated exocytic transport.
Finally, several mechanochemical properties of myosin Va make it an ideal motor for mediating the specific transport event that we are proposing here. First, receptor insertion into spines implies a switch from the microtubular cytoskeleton present along dendrites to the actin filaments enriched in spines. Myosin Va is able to bridge across microtubule and actin cytoskeletons by virtue of separate interactions with actin (through its N-terminal motor domain) and with tubulin (through its C-terminal cargo-binding domain) 46 . In fact, myosin Va has been shown to passively diffuse along microtubules 47 . In agreement with this transitional role between different cytoskeletal elements, the cargo-binding domain of myosin Va directly binds kinesin 30, 48 , a microtubule-dependent motor protein. Second, myosin Va is flexible enough to step over or to switch filaments at intersections and branching points in the actin cytoskeleton 47 . This property should facilitate the maneuvering of cargo across the intricate cytoskeletal meshwork of the spine. And third, myosin Va is a processive motor, in contrast, for example, with myosin II 49 . The dimensions of a single processive run by myosin Va (40 to 50 steps, approximately 1.5 mm) fit very well with the average spine length, and therefore with the travel distance required to transport organelles from the dendritic shaft into the spine head.
In conclusion, this work offers new insights into the molecular machinery that organizes membrane trafficking at postsynaptic terminals, and proposes that a specific motor protein (myosin Va) and its organelle acceptor (Rab11) drive the directional transport of AMPARs during synaptic plasticity.
METHODS
Electrophysiology. Voltage-clamp whole-cell recordings were obtained from nearby infected and uninfected CA1 pyramidal neurons under visual guidance using fluorescence and transmitted light illumination. External solution contained 119 mM NaCl, 2.5 mM KCl, 1 mM NaH 2 PO 4 , 11 mM glucose, 26 mM NaHCO 3 , 4 M MgCl 2 , 4 mM CaCl 2 and 2 mM 2-chloroadenosine, at pH 7.4, and was gassed with 95% O 2 and 5% CO 2 . Patch recording pipettes (4-7 MO) were filled with internal solution containing 115 mM CsMeSO 3 , 20 mM CsCl, 10 mM HEPES, 2.5 mM MgCl 2 , 4 mM disodium ATP, 0.4 mM sodium GTP, 10 mM sodium phosphocreatine, 0.6 mM EGTA and 0.1 mM spermine, pH 7.25. In experiments with intracellular perfusion of peptides (pep2m or pep4c, Tocris; 1 mM final concentration), the internal solution was supplemented with the protease inhibitors leupeptin and pepstatin (100 mM each). Bipolar stimulating electrodes were placed over Schaffer collateral fibers between 250 and 300 mm from the CA1 recorded cell, and synaptic responses were evoked with single voltage pulses (200 ms, up to 30 V). Synaptic AMPARmediated responses were acquired at -60 mV. NMDAR responses were recorded at +40 mV at a latency at which AMPAR responses had fully decayed (60 ms after stimulation). In both cases, 100 mM picrotoxin was present in the external solution. GABA A responses were acquired at 0 mV in the absence of receptor antagonists; therefore, they should be considered to be a combination of monoand disynaptic inhibitory postsynaptic currents. For rectification studies, AMPAR responses were recorded at -60 mV and +40 mV in the presence of 0.1 mM D,L-2-amino-5-phosphonovaleric acid in the external solution. LTP was induced using a pairing protocol by stimulating Schaffer collateral fibers at 3 Hz for 1.5 min, while depolarizing the postsynaptic cell at 0 mV. Because only CA1 cells (and not CA3 cells) are infected, this configuration ensures that recombinant proteins are always expressed exclusively in the postsynaptic cell. Whole-cell recordings were made with a Multiclamp 700A amplifier (Axon Instruments).
Fluorescence imaging. Immunofluorescence and imaging experiments were carried out as described in the Supplementary Methods online (see also ref. 35 ).
In vitro binding of AMPARs, myosin Va and Rab11. BHK cells were infected with GFP-tagged myosin Va-dn, Rab11, GluR1 or soluble GFP. Cells were then homogenized in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10 mM ATP, 10 mM NaF, 1 mM microcystin LR, 0.5 mM calyculin A, 10 mM EDTA, 0.1 mM PMSF, 2 mg ml -1 of a cocktail of chymostatin, leupeptin, pepstatin A and antipain,
